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ABSTRACT
The tech n iq u es  o f s e n s i t iz e d  flu o rescen ce  have been employed 
2 2to  in v e s t ig a te  th e  6 - 6 • ^ c i t a t io n  t r a n s f e r  in  cesium atoms
induced in  c o l l i s io n s  w ith  o rd in a ry  and d e u ta ra te d  methane m olecules*
The vapour p re ssu re  o f cesium was kep t low to  enab le  th e  c ro ss  s e c tio n s  
fo r  th e  m ixing p ro cess  to  be determ ined in  th e  absence o f r a d ia t io n  
tra p p in g  e f f e c t s  and under s in g le  c o l l i s io n  co n d itio n s*  The t o t a l  c ro ss  
s e c tio n s  fo r  th e  m ixing p ro cess  induced by i n e l a s t i c  c o l l i s io n s  w ith  
CH4 ,  CH3D, CH2d2 . CHD3 and &>4 m olecules were determ ined in  r e l a t i o n  to
th e  tem pera tu re  o f  th e  vapour-gas m ixture* which was v a r ie d  from 290°K
o 2 2to  640 K. The c ro ss  se c tio n s  fo r  P3^  e x c i t a t io n  t r a n s f e r
were observed to  range from 2 to  11 9?, w h ile  th e  c ro s s  s e c tio n s  fo r
th .  2p 1 /S « — 2p
fo r  mixing c o l l i s io n s  w ith  th e  v a rio u s  is o to p ic  m olecu lar sp e c ie s  were 
observed to  e x h ib i t  d is s im i la r  dependences on th e  tem perature*  T h is 
behaviour* and th e  f a c t  th a t  th e  c ro ss  se c tio n s  a re  approxim ate ly  6 
o rd e rs  o f  magnitude la rg e r  th an  th e  corresponding  c e s iu m -in e rt gas 
c ro ss  sec tio n s*  seems to  e lim in a te  th e  p o s s ib i l i t y  th a t  energy  t r a n s f e r  
to  o r from th e  k in e t ic  energy o f th e  c o l l id in g  p a r tn e rs  i s  th e  dominant 
mechanism governing th e  m ixing p ro cess  in  cesiias induced in  c o l l i s io n s  
w ith  methane and i t s  d e u ta ra te d  analogues* I t  i s  l ik e ly  t h a t  th e  
e x c i ta t io n  t r a n s f e r  mechanism in v o lv es  th e  form ation  o f a q u asi-m o lecu la r
i i i
3 *2 t r a n s f e r  ranged from 14 to  25 8 • The c ro ss  s e c tio n s
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t r a n s i t i o n  s t a t e  complex, t n  the  b a e i s  o f t h i s  hypo thesis*  a 
q u a n t i ta t iv e  in te r p r e ta t io n  o f th e  v a r ia t io n  w ith tem pera tu re  o f  tha  
r e l a t iv e  c ro ss  se c tio n s  w ith  th e  d i f f e r e n t  m olecules i s  proposed* based  
on tha  th e o ry  o f iso to p e  e f f e c t s  cn a b so lu te  r e a c t io n  r a t e s .
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I . INTRODUCTION
The t r a n s f e r  o f  e le c t r o n ic  energy in  e x c ite d  atoms due to  
in te r a c t io n s  w ith  atoms and m olecules in  th e  gas phase has been th e  
s u b je c t o f  many re c e n t in v e s t ig a t io n s .  Such p ro cesses  a re  o f funda­
m ental I n te r e s t  because th e  mechanisms o f th e se  in te r a c t io n s  a re  no t 
y e t w e ll known* and because th e  c ro ss  s e c tio n s  a re  u s e fu l to  s c i e n t i s t s
study ing  th e  com position and p ro p e r t ie s  o f  th e  upper atm osphere.
2
The P f in e - s t r u c tu r e  resonance d o u b le t o f  an a l k a l i  atom i s  
p a r t i c u la r ly  s u i te d  to  an in v e s t ig a t io n  o f  energy  t r a n s f e r  between 
atom ic le v e ls*  s in ce  both  le v e ls  a re  lin k e d  to  th e  ground s t a t e  by 
o p t ic a l ly  allow ed t r a n s i t io n s  and th e re  a re  no o th e r  nearby s t a t e s  to  
com plicate  th e  in te r a c t io n  p ic tu r e .  In  ad d itio n *  th e  energy  d e fe c t 
h  E between th e  resonance s t a t e s  ranges from 17 cm” * in  sodium to  
554 cm"* in  cesium* p e rm ittin g  a s tu d y  o f  th e  in flu en c e  o f  AE on th e  
v a rio u s  c o l l i s io n  p ro c e sse s .
The c o ll is io n - in d u c e d  t r a n s f e r  o f e x c i ta t io n  between th e  
*nd 2p3 / i  r **on*nc* s t a t e s  o f  a lk a l i  atoms was f i r s t  observed by 
Wood (1912* 1914) and by Wood and Mohler (1918)* and has re c e n t ly  
become th e  o b je c t  o f  ex ten s iv e  In v e s t ig a t io n s  in  t h i s  la b o ra to ry  
(Krause 1966). I f  an a lk a l i  m eta l vapour o r  i t s  m ix ture  w ith  a gas 
i s  i r r a d ia te d  w ith  on ly  one component o f  th e  a lk a l i  resonance doublet*  
both  components a re  observed in  th e  f lu o re s c e n t l i g h t  from th e  vapour.
1
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2The component which i s  o f  th e  m m  w avelength as t h a t  p re se n t in  th a  
e x c it in g  beam i s  term ed rasonanca flu o rascan ca  and a r i s a s  from an a lk a l i  
atom absorb ing  an in e id a n t photon and r e - r a d ia t in g  th e  same photon 
in  approximately th a  l i f a t im a  o f th a  a x c ita d  s t a t a .  I f ,  how ever, such 
an atom undergoes a b in a ry  c o l l i s io n  w ith  an o th er atom o r gas m olecule 
b e fo re  i t  spon taneously  decays to  th a  ground s t a t a ,  i t  can be t r a n s ­
fe rre d  to  th a  o th e r  rasonanca su b s ta te  and, a f t e r  th a  l i f a t im a  o f th a  
l a t t e r ,  w i l l  spon taneously  r a d ia te  a photon o f  th a  a p p ro p ria te  wave­
le n g th . T h is  component in  th a  f lu o re s c e n t l i g h t  i s  term ed s e n s i t i s e d
flu o rascan ca , and th a  p ro cess  o f  r a d la t io n le s s  e o l l i s io n a l  energy
2
t r a n s f e r  between th e  P s t a t e s  i s  e a l le d  m ix ing .
The mixing in te r a c t io n  between an a lk a l i  atom A and an atom 
o r m olecu le , denoted by B, may be re p re se n te d  by th e  fo llow ing  eq u atio n s
kl
A*(2P3 / i ) ♦ B ~ ^  A#<2pi/S> + 8 * AB
*2
where AE i s  th e  energy d e fe c t  between th e  f in e - s t r u e tu r e  s t a t e s  o f  th e  
a lk a l i  atom . T h is  energy  may be su p p lied  f ro a  o r  c a r r ie d  away by th e  
v a rio u s  degrees o f  freedom o f  th e  c o l l id in g  p a r tn e r s .  The r a t e s  k^ ami 
k2 a re  p ro p o r tio n a l to  th e  c ro ss  s e c tio n s  fo r  th e  a p p ro p r ia te  m ixing 
p ro c e sse s . I f  th e  e x c i ta t io n  energy  AE i s  t r a n s f e r r e d  to  o r  from th e  
k in e t ic  energy  continuum in  such p ro c e sse s , th e se  c ro ss  s e c tio n s  a re  
expected  to  f a l l  o f f  r a p id ly  as AE in c re a se s  fo r  a c o n s ta n t i n i t i a l  
r e l a t iv e  v e lo c i ty  and sh o u ld , fo r  a fix ed  v a lu e  o f AE, in c re a se  r a p id ly  
w ith  r e l a t iv e  v e lo c i ty  (G a llag h er 1968). The a n tic ip a te d  behav iou r o f
Reproduced  with permission of the copyright owner. Further reproduction prohibited without permission.
3th e  c ro ss  s e c tio n s  w ith  in c re a s in g  AE has been c o n f in e d  by e x p e r i­
m ental d a ta  fo r  a lk a l i  a to m -in e rt gas m ixing c o l l i s io n s  (Krause 1966).
In  a d d i t io n ,  th e  expected  ra p id  r i s e  o f  th e  m ixing c ro ss  s e c tio n s  w ith  
in c re a s in g  r e la t iv e  v e lo c i ty  fo r  a fix ed  AE has been observed in  
C s - in e r t  gas and R b -in e rt gas m ix tu res  (G allagher 1966)• There have 
been s e v e ra l a ttem p ts  a t  a th e o r e t ic a l  in te r p r e ta t io n  o f  th e  m ixing 
p rocess in  a lk a l i  atoms due to  c o l l i s io n s  w ith  i n e r t  gases (Moskowitz 
and Thorson 1963, N ik i t in  1965, Callaway and Bauer 1965).
Mixing p ro cesses  in  a lk a l i  atoms r e s u l t in g  from c o l l i s io n s  
w ith  m olecules have a lso  re c e n t ly  become a to p ic  o f  i n t e r e s t .  E x p e ri­
ments in  m ix tu res  o f cesium vapour w ith  N^* H^, HD and have suggested  
th a t  th e  mechanism governing m ixing induced in  c o l l i s io n s  w ith  m olecu les 
i s  l ik e ly  d i f f e r e n t  from th a t  governing th e  same p ro cess  induced in  
c o l l i s io n s  w ith  i n e r t  gas atoms (M cG illis and Krause 1966)• To g a in  a 
deeper in s ig h t  in to  t h i s  q u e s tio n , th e  c ro ss  s e c tio n s  fo r  th e  m ixing 
p rocess w ith  CH  ^ and CD4 as c o l l i s io n  p a r tn e rs  were determ ined  in  r e l a ­
t io n  to  te m p e ra tu re , and hence in  r e l a t io n  to  th a  mean r a l a t i v e  v e lo c i ty  
o f  th e  c o l l i s io n  p a r tn e rs  (M cG illis and Krausa 1969). I t  was found th a t  
th e  c ro ss  s e c tio n s  fo r  CH  ^ appeared to  d ecrease  w ith  in c re a s in g  tsm pera- 
tu ra  w hile  th o se  fo r  CD4 in c re a se d . T his phenomenon cannot be i n t e r ­
p re te d  on th e  b a s is  of a sim ple g a s - k in e t ic  c o l l i s io n  th e o ry , s in ce  
th e  in te r a c t io n  fo rce s  should be ve ry  n e a r ly  id e n t ic a l  fo r  bo th  CH  ^
and CD4 .  A q u a l i ta t iv e  ex p lan a tio n  was g iven  based on th e  th e o ry  o f 
iso to p e  e f f e c t s  on ab so lu te  r e a c t io n  r a t e s ,  which suggested  th a t  th e
Reproduced  with permission of the copyright owner. Further reproduction prohibited without permission.
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‘ P e x c i ta t io n  t r a n s f e r  in  cesium l ik e ly  proceeds by a mechanism which 
Involves th e  form ation  o f a lo n g -liv e d  t r a n s i t i o n  s t a t e  complex o f 
d e f in i te  c o n f ig u ra tio n . T h is  experim ent was however, c a r r ie d  o u t over 
a narrow tem pera tu re  range due to  th e  l im i ta t io n s  o f  th e  a p p a ra tu s .
In  th e  p re se n t In v e s t ig a t io n ,  th e  work o f M cG illis and Krause 
(1969) has been extended to  a c o n sid e rab ly  w ider tem pera tu re  range and 
th e  a d d it io n a l  measurements o f m ixing c ro ss  s e c tio n s  in  cesium vapour 
fo r c o l l i s io n s  w ith  C H a n d  CHD^  as c o l l i s io n  p a r tn e rs  have
been in c lu d e d . I t  i s  hoped th a t  t h i s  s tudy  w i l l  provide a firm  e x p e r i­
m ental b a s is  fo r  a more s p e c if ic  d e s c r ip t io n  o f th e  mechanism re sp o n s ib le  
2
for P e x c i ta t io n  t r a n s f e r  In  cesium atoms due to  c o l l i s io n s  w ith  
m o lecu les.
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I I .  THEORETICAL
In  order  to  measure c ross  s e c t io n s  fo r  mixing between the  
P f i n e - s t r u c t u r e  s t a t e s  of cesium, induced by c o l l i s i o n s  with molecu les ,  
i t  i s  necessa ry  to  cons ider  the  p rocesses  which are  involved in  main­
t a i n i n g  s t e a d y - s t a t e  co n d i t io n s  i n  the  m ix tu re .  The p e r t i n e n t  energy 
l e v e l s  fo r  cesium and the  va r io u s  p rocesses  which may occur when a 
mixture  of cesium vapour and a gas i s  i r r a d i a t e d  with e i t h e r  component 
o f  the  cesium resonance doub le t  are  shown s ch em a t ica l ly  in  F igure  1.
The s o l i d  l i n e s  denote energy  t r a n s f e r s  in  the  atom invo lv ing  the
62P3 /2
62P1/2 S
62S1/2
2
1 %
8521$ 3943$
ground s t a t e
F ig .  1 The energy l e v e l s  and p rocesses  involved in  the  s e n s i t i z e d
fluorescence  of  cesium induced by c o l l i s i o n s  with m o lecu les .  
The quenching, o r  r a d i a t i o n l e s s  d e - e x c i t a t i o n  of cesium atoms 
to  the  ground s t a t e  has been n e g lec te d .
5
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ab so rp tio n  c r  spontaneous em ission  o f r a d ia t io n ,  and th e  broken l in e s  
re p re se n t c o ll is io n - in d u c e d  p ro cesses  which m an ife st them selves as 
s e n s i t iz e d  fluorescence*
The c o e f f ic ie n ts  and 13, , determ ine th e  p o p u la tio n s  o f th e  
2 2b and 6 exci-t9d s ta te s *  and re p re se n t the  r a te  o f  a b so rp tio n
2
o f in c id e n t photons o f  th a  a p p ro p ria te  energy by ground s t a t e  (6 
cesium atom s. and a re  th e  spontaneous r a d ia t iv e  decay c o e f f i ­
c ien ts*  and a re  equal to  th e  re c ip ro c a ls  o f th e  mean l i f e t im e s  o f th e  
two s ta te s *  The c o e f f ic ie n ts  Zj^ and Z ^  which r e f e r  to  th e  r a d ia t io n -  
lless energy t r a n s f e r  between th e  two resonance le v e ls  induced by c o l l i ­
s io n s  w ith  m olecules o r ground s t a t e  atoms* re p re se n t th e  number o f 
c o l l i s io n s  per e x c ite d  atom per second which r e s u l t  in  m ixing between 
th e  cesium f in e - s t r u c tu r e  s t a t e s  and depend on th e  d e n s ity  o f  th e  mole­
cu les  o r atoms w ith  which th e  e x c ite d  cesium atoms a re  in  c o l l i s io n .
The e f f e c t s  o f  quenching* o r  d i r e c t  r a d ia t io n le s s  d e -e x c i ta t io n  o f 
cesium atoms to  th e  ground s ta te *  has been ignored* s in ce  i t  i s  n e g l i ­
g ib le  w ith  methane in  th e  range o f p re ssu re s  used in  t h i s  in v e s t ig a t io n  
(M cG illis and Krause 1969).
Assuming th a t  th e  vapour-gas m ixture i s  in  a s t a t e  o f  dynamic 
e q u ilib riu m  in v o lv in g  on ly  th e  p ro cesses  o f  o p t ic a l  e x c ita tio n *  spontane 
ous r a d ia t iv e  decay* and c o l l i s io n a l  energy tra n s fe r*  th e  s t a t e  o f  th e  
system can be d esc rib ed  by th e  fo llow ing  two d i f f e r e n t i a l  r a t e  eq u a tio n s
dNl  - l
dt = B01 N0 * Z21 N2 * *zu> V
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7dN 1
d t  * B02 N0 * Z12 N1 - (V  * V  V (2>
where N'0 » and re p re se n t th a  p o p u la tio n s  o f  th a  ra s p a c tiv a  l e v e l s ,
and and a ra  th a  mean l if a t im a s  , f  th a  rasonanca s ta ta s *  I f  i t  i s
2
assumed th a t  on ly  ona o f  th a  P s t a t a s  i s  e x c ite d  o p t i c a l ly ,  aq u a tio n s  
( l)  and (2) raduca to  two sim pler a q u a tio n s . Whan on ly  la v a l  1 i s
a x c ita d  o p t i c a l ly ,  = 0 , and aq u atio n  (2) becomes* 
dN? . t  — 7 »< in ' *
d t Z12 N1 '  ^ 2  + ^ 1 *  H2* ^
When, on th a  o th a r  hand, on ly  la v a l  2 i s  populatad  by ab so rp tio n  o f 
l i g h t ,  = 0 , and aq u a tio n  ( l )  reduces t o t
dN.
d t  = 1^ N1 '  1^ + Z12* V ^
Under s te a d y -s ta ta  c o n d itio n s ,
l i . S t . o
d t "  d t  “ #
and aq u a tio n s  (3) and (4) become>
N_
(5)
(6)
where th a  o u te r  s u b sc r ip t  in  th a  p o p u la tio n  r a t i o s  deno tes th a  le v e l 
being  popu la tad  by d i r e c t  o p t ic a l  e x c i t a t io n .  I f  both s e n s i t iz e d  and 
resonance flu o rascan ca  a ra  observed from th a  vapour-gas m ix tu re , tha  
r a t io s  o f t h e i r  i n t e n s i t i e s  can ba measured d i r e c t l y .  These in t e n s i ty
Z12 = ^ 2  1 + Z21*
N2(“*) 1
*21 = ( V 1 + V
N1 
«2 2
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8r a t i o s  ara  r 9 l a t a d  as fe llows to  tha  r s l a t i v a  p u l a t i c n s  which appaar  
in  aquat ions  (5) and (6) *
hV
N,Lmsi s /lk} = .To,. (a}
(8521) hV, N. 2 V2t x N2 2*
*2
h^2
limn s Jk_ A) 3 JS l (I!?)
1(8943) hV, Nj 1 'N ^ l*
Tha component appearing  in  th e  denom inator o f  each in te n s i ty  
r a t i o  i s  o f  th e  same w avalength as th a t  used in  th a  e x c i t in g  l i g h t  beam* 
and and V2 a re  th e  freq u en c ies  corresponding  to  8943 X and 8521 8 
l i g h t ,  r e s p e c t iv e ly .  I f  we d e fin e
= 1 (3521). i x  s N~
2 "  1(8943) V2 '  X2 ^ 1 *
eq u atio n s  (5) and (6) can be so lved  fo r  Z12 and in  term s o f  th e  
in te n s i ty  r a t i o s  and th e  l i f e t im e s  17, y ie ld in g !
W (1 - n , n a l ( '
ey ^ 1  ♦ -»v 2 )
"21 = (1 -  -i\ * t\  2 ) * ( 10)
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9E quations (9) and (10) perm it c a lc u la t io n  o f th a  c o l l i s io n  
numbers and in  term s o f known, o r d i r e c t ly  m easurable q u a n ti­
t ie s *  and a re  v a l id  only  in  th e  absence o f r a d ia t io n  t ra p p in g . When 
th e  f lu o re sc e n t r a d ia t io n  i s  reabsorbed  in  th e  vapour*the e f f e c t iv e  
va lu es  and exceed th e  n a tu ra l  mean life tim e s*  and e la b o ra te  
c o r re c t io n s  which depend on th e  geometry o f th e  system* a re  re q u ire d  
in  o rd e r to  o b ta in  th e  a c tu a l  c o l l i s io n  numbers from experim en ta l ob­
s e rv a tio n s  (S eiw ert 1956).
By analogy w ith  th e  g a s -k in e tic  c re ss  sec tio n *  th e  c o l l i s io n  
c re s s  sec tio n s*  *ncJ ^  3aY be defined  in  term s of  the  c o l l i s io n
where N i s  th e  d e n s ity  o f th e  m olecu lar gas* and vy i s  th e  average 
r e la t iv e  v e lo c i ty  o f  th e  c o l l id in g  p a rtn e rs*  g iven  by*
where T i s  th e  a b so lu te  tem perature*  k i s  th e  Boltxmann constan t*  and 
jx i s  th e  reduced m ass.
o f th e  c o l l i s io n  numbers* i  and Z ^ ,  and hence th e  r a t i o  o f  th e  c ro ss
s e c tio n s  *nd shoui d 9 *ven byi
numbers, and Z ^ i
( 11)
( 12)
(13)
The p r in c ip le  o f d e ta i le d  b a lan c in g  p re d ic ts  th a t  the  r a t i o
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^  -  7 ^  ~ ?  ex^ (_ AE/kT) (14)
^21 ^21 91
2 2
where and g2 a ra  th * s t a t i s t i c a l  w eigh ts o f  the  6 and 6 P 
•s ta tes , re sp e c tiv e ly *  and AE i s  th e  energy d e fe c t between th e se  two 
s ta te s  (554 cm”* ) .
E quations (11) and (12) in d ic a te  t h a t  p lo ts  o f  th e  c o l l i s io n  
numbers *nd Z2 i  th * 9** p re ssu re  which i s  p ro p o r tio n a l to
th e  m olecu lar d e n s ity  N, should be l in e a r  and should pass through th e  
o rig in *  The s lo p es  o f th e se  s t r a ig h t  l in e s  can be used in  co n ju n c tio n  
w ith  eq u atio n s  (11)« (12) and (13) to  c a lc u la te  th e  m ixing c ro ss  s e c tio n s  
Q12 *nd ^ 2 1  * Th* 9*s Pr *s *u r* n*y b* r e la te d  to  th e  m o lecu lar den sity *  
by th e  id e a l  gas e q u a tio n i
N ** (W )
inhere P i s  th e  p re ssu re  i r  to r r*  T i s  th e  a b so lu te  tem perature*  and k 
ts  the  Boltzmann constan t*
The r a t io s  o f s e n s i t iz e d  to  resonance f lu o re sc e n t in te n s i t i e s *  
which r e s u l t  from e^ium -cesium  c o l l i s io n s  a re  o f th e  o rd e r o f 10”^ a t  
the cesium vapour p re ssu re  o f  about 10~^ t o r r  which was used in  t h i s
experim ent (Czajkowskl and Krause 1965)• S ince th e  observed in te n s i ty
r a t io s  dua to  m ixing induced by c o l l i s io n s  w ith  th e  methanes were 
la rg e r  by 3 to  4 o rd e rs  o f  magnitude* th e  e f f e c t s  o f eesium -cesium
c o l l is io n s  could be s a fe ly  ignored*
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I I I .  EXPERIMENTAL
A. D e sc rip tio n  o f  th e  Apparatus
The arrangem ent o f  the  ap p ara tu s  used to  in v e s t ig a te  m ixing 
c o l l i s io n s  in  cesium vapour i s  i l l u s t r a t e d  in  F igure 2 .  A monochromator 
In  s e r ie s  w ith  an in te r fe re n c e  f i l t e r  re so lv ed  th e  cesium resonance 
d o u b le t em itted  by a rad io freq u en cy  d isch a rg e  lamp* The monochromatic 
beam was m odulated by a chopper and d ire c te d  in to  th e  flu o rescen ce  c e l l  
c o n ta in in g  cesium vapour* The f lu o re sc e n t l i ^ i t  from th e  c e l l  was ob­
served p e rp e n d ic u la r ly  to  th e  d i r e c t io n  o f  e x c i t a t io n .  The flu o rescen ce  
was re so lv ed  in to  i t s  two s p e c tr a l  components by two p a i r s  o f i n t e r f e r ­
ence f i l t e r s  and d e tec te d  w ith  a p h o to m u ltip lie r  tube* The o u tp u t 
s ig n a l from th e  p h o to m u ltip lie r  was measured w ith  a lo c k - in  a m p lif ie r  
and r e g is te r e d  on a s t r i p - c h a r t  re c o rd e r .
(1) H it .l iS P  .,lDfl,.9gUff*l -SYiltiS« A ra d io  frequency l ig h t  
source o f th e  type  d e sc rib ed  by A tkinson. Chapman and Krause (1965) was
used to  g en era te  cesium resonance l in e s  o f h igh  in te n s i ty *  The schema-
*
t i c  diagram o f th e  40 MHz p u sh -p u ll o s c i l l a to r  . which was powered by a 
Lambda V oltage R egulated Power Supply model C482 M. i s  shown in  F igure  3* 
A c y l in d r ic a l  pyrex g la s s  b u lb , which was p laced  in s id e  th e  
tan k  c o i l  o f  th e  power o s c i l l a t o r ,  con tained  approxim ately  0*5 g o f
#
The c i r c u i t  i s  a m o d if ic a tio n  o f  a d esig n  d e sc rib e d  by 
G.D. Chapman in  a p r iv a te  communication. 1969*
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Fig .  2 Schematic Diagram of the  Appara tus .  A, r ad io f requency  l i g h t  
source;  B, monochromator; C, chopcer ;  D, f luo rescence  c e l l ;  
E, oven; F . ,  6943 K i n t e r f e r e n c e  f i l t e r s ;  Fj* G521 A i n t e r ­
fe rence  f i l t e r s ;  G, s ide  oven; H, p h o to m u l t i p l i e r  and 
c r y o s t a t ;  J ,  l o c k - in  a m p l i f i e r ;  K, c h a r t  r e c o r d e r .
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cesium* as w e ll as a few t o r r  o f  argon to  c a rry  th e  d isch a rg e  a t  low 
cesium vapour d e n s i t i e s .  The base of th e  bulb* which was th e  cesii&a 
re se rv o ir*  had a reduced diam eter* and re s te d  in  a a a a l l  oven. The oven 
co n s is te d  o f  a hollow  ceram ic cy linder*  cn which had been wound ap p ro x i­
m ately  5 ohms o f chromel "A" h e a tin g  w ire . The h e a te r  c u r re n t was 
su p p lied  by th e  secondary o f a power tra n sfo rm e r which was connected to  
a re g u la te d  A.C. l in e  through a v a r ia b le  a u to tra n sfo rm e r.
A change in  th e  r e s e rv o i r  tem pera tu re  p e rm itted  v a r ia t io n  o f
th e  cesium vapour d e n s ity  in  th e  lamp. A tem peratu re  o f  107°C« which
>4corresponds to  a vapour p re ssu re  o f  8 .5  x 10 to r r*  was observed to  
g ive both e x c e l le n t  s t a b i l i t y  and most e f f i c i e n t  e x c i ta t io n  o f  f lu o r e s ­
cence . At t h i s  tem perature*  an in te n s e  sk in  d isch a rg e  was observed in  
th e  bulb* w ith  th e  c e n tr a l  volume rem aining alm ost dark* and s e l f ­
r e v e r s a l  o f  th e  resonance l in e s  was m inim al.
The cesium resonance d o u b le t em itted  by th e  lamp was re so lv ed  
in to  th e  f in e - s t r u c tu r e  components by a Sausch and Lomb g ra t in g  mono­
chrom ator in  s e r ie s  w ith  a S c h o tt in te r fe re n c e -a b s o rp tio n  f i l t e r .  The 
monochromator was equipped w ith  a 1200 line/mm g ra tin g  b lazed  a t  7500 % 
in  th e  f i r s t  o rd e r , and gave a re c ip ro c a l  d is p e r s io n  o f  16 S /m m . A 
s l i t  w idth o f  1 .5  mm was s e le c te d  as a good compromise between re s o lu ­
t io n  and tra n s m itte d  i n t e n s i t y .  The S ch o tt f i l t e r  b locked second o rd e r 
g ra tin g  tran sm issio n *  and improved r e s o lu t io n .  T h is  arrangem ent p ro ­
duced an e x c i t in g  beam w ith  a s p e c tr a l  p u r i ty  o f  approxim ately  one p a r t  
in  106 .
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Two S p ec tro lab  typa "P" ln ta r fa ra n e a  f i l t e r s  in  s e r ie s  wara 
used to  analyze th a  f lu o re sc e n t l i g h t  from th a  c a ll*  One f i l t e r  o f 
each p a i r  blocked in f r a r e d  r a d ia t io n  to  1.25 j j .  T h is was n ecessa ry  
s in ce  th e  background b lack-body in f r a r e d  r a d ia t io n  from th e  flu o rescen ce  
c e l l  and oven com pletely  masked th e  s e n s i t iz e d  flu o rescen ce  s ig n a ls  a t  
tem p era tu res  above 200°C. A ll th e  f i l t e r s  had bend w id ths o f  100 % a t  
h a lf - t r a n s m is s io n .  Leakage o f th e  unwanted f in e - s t r u c tu r e  component o f  
th e  f lu o re sc e n t l i g h t  through th e  f i l t e r s  was too  sm all to  be d e te c te d .
The p h o to m u ltip lie r  was a 16-stage  ITT FW-1 1 8 G w ith  an S - l  
photocathode 3mm in  d iam e te r, and had a peak s e n s i t i v i t y  around 8000 
The tube was housed in  a l iq u id  a ir -c o o le d  c ry o s ta t  to  reduce th e  dark  
c u r r e n t .  A Fluke model 412 B re g u la te d  power supply  provided  th e  1 .4  kv 
o p e ra tin g  v o lta g e . L ig h t- t ig h t  wooden boxes enclosed  bo th  th e  o p t ic a l  
system which produced th e  e x c i t in g  monochromatic beam, and th a t  which 
re so lv ed  and d e te c te d  th e  f lu o re s c e n t l i g h t  from th e  flu o rescen ce  c e l l .
D esp ite  th e  use o f  in te r fe re n c e  f i l t e r s  which blocked th e  
near In f r a r e d ,  p h a se -s e n s it iv e  d e te c tio n  was n ecessa ry  fo r  th e  e x p e r i­
m ent. At h ig h e r  te m p e ra tu re s , background therm al r a d ia t io n  from th e  
flu o rescen ce  c e l l  and oven tra n s m itte d  by th e  f i l t e r s  and d e te c te d  by 
th e  p h o to m u ltip lie r  r e s u l te d  in  s ig n a ls  which exceeded th o se  due to  
s e n s i t iz e d  f lu o re sc e n c e , making D.C. d e te c tio n  im p o ss ib le . A P rin ce to n  
Applied Research model HR-8 lo c k - in  a m p lif ie r  used in  co n ju n c tio n  w ith  
a model 222 v a r ia b le  speed chopper p laced  in  th e  e x c it in g  beam d e te c te d  
th e  s ig n a ls  from th e  p h o to m u ltip lie r . The o u tp u t from th e  lo c k - in  
■amplifier was m onitored on a Daystrom-Weston 10 mV s t r i p - c h a r t  re c o rd e r .
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Chopping freq u en c ies  in  th e  400 to  800 Hz range were used fo r  measurement 
o f  th e  f lu o re s c e n t l ig h t  i n t e n s i t i e s .  With t h i s  d e te c tio n  system , 
s ig n a ls  were m easurable w ith  m oderate no ise  le v e ls  fo r  oven tem p era tu res  
as h i^ )  as 370°C.
(2) I b f .  q ugm SBfiSS. g t l l . i Dti-QYtQI« The flu o rescen ce  c e l l ,  
designed  to  minimize re a b so rp tio n  o f both th e  e x c it in g  and f lu o re s c e n t 
l i g h t ,  was id e n t ic a l  to  th a t  used by Czajkowski and Krause (1 965). A 
r ig h t  ang le  formed by th e  en tra n ce  and o b se rv a tio n  windows p e rm itted  
th e  o p t ic a l  p a ths o f both th e  in c id e n t and f lu o re s c e n t r a d ia t io n  in  th e  
vapour to  be as s h o r t  as 1 mm. The problem o f  re a b so rp tio n  and tra p p in g  
o f r a d ia t io n  was th e reb y  e lim in a te d , provided th a t  th e  vapour d e n s ity  o f 
cesium in  th e  c e l l  was low enough.
The end o f th e  pyrex c e l l  was formed in to  a Wood's horn  in  
o rd e r to  reduce th e  e f f e c t s  o f  in te r n a l  r e f l e c t i o n s .  Both windows were 
made o f c le a r  f i l t e r  g la s s .  The s id e  arm was 2 cm in  d iam eter and 8 cm 
long , and served  as th e  r e s e rv o i r  fo r  th e  l iq u id  cesium whose tem pera­
tu re  determ ined th e  vapour p re ssu re  in  th e  c e l l .  A c a p i l la r y  2 mm in  
d iam eter connected th e  c e l l  to  th e  vacuum and gas h an d lin g  system . The 
c a p i l la r y  was sm all enough to  p rev en t m ig ra tio n  of cesium vapour from 
th e  c e l l ,  y e t la rg e  enough to  in su re  a good vacuum w ith in .
The pyrex g la s s  vacuum system was evacuated  by an Edwards 
cG-2 o i l  vapour d if fu s io n  pump equipped w ith  a w ater-co o led  b a f f le  va lve  
and backed by an E5-35 ro ta ry  pump. A co ld  t r a p  co n ta in in g  a copper 
f o i l  g e t t e r  was p laced  d i r e c t ly  b e fo re  th e  d if f u s io n  pump. The vacuum 
in  th e  system  was measured w ith  a C.V.C. model GIC-110-B io n iz a t io n
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-3  *8gauge equipped w ith  a GIC-016-C ion  gauge head (10 to  10 t o r r ) .
The low est p re ssu re  which could be o b ta ined  c o n s is te n t ly  in  th e  e n t i r e
•8system was approxim ately  3 x 10 t o r r .
The p re ssu re s  o f  th e  gases which were adm itted  in to  th e  
system were m onitored roughly  by an Hdwards 8 /1  P ira n i gauge equipped 
w ith  a G58-1 head (0.001 -  10 t o r r ) .  A ccurate measurements were made 
w ith  a McLeod gauge* which was c o ld -tra p p e d  by a m ix ture  o f  d ry  ic e  
and acetone (-70  to  -80°C ). P ressu re  measurements made w ith  th e  
McLeod gauge were re p ro d u c ib le  to  b e t t e r  th an  2%. No c o rre c t io n s  were 
made to  th e  p re ssu re  measurements tak en  w ith  th e  McLeod gauge to  account 
fo r  th e  stream ing  o f  m ercury vapour toward th e  co ld  t r a p .  Such c o rre c -
_3
t io n s  a re  n ecessa ry  only  fo r  gas p re ssu re s  le s s  th an  10 t o r r  
(Sennewitz and Dohmann 1965)* whereas th e  low est p re ssu re  measured in  
the  experim ents was approxim ately  0 .2  t o r r .
The main oven c o n s is te d  o f an o u te r  re c ta n g u la r  box (13M x 
14" x 9” h igh) c o n stru c te d  o f t r a n s i t s *  in s id e  o f which was f i t t e d  a 
s l ig h t ly  sm a lle r  magnesium box (11" x 10" x 6" h ig h ) .  P a irs  o f  200 w a tt 
G.E. JX2B1 s t r i p  h e a te rs  were mounted on th e  upper and lower in n e r  s u r ­
faces  o f  th e  magnesium box* on each o u te r  s id e  o f which was a tta c h e d  
an o th er s t r i p  h e a te r .  The h e a tin g  elem ents were connected as shown in  
F igure 4 . The c u rre n t to  th e  h e a te rs  was su p p lied  by a P ow ersta t 
v a r ia b le  a u to tran sfo rm er (0 - 12C V) which was connected to  a re g u la te d  
A.C. l in e .
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to
re g u la te d  
AC l in e
F ig .  4 E l e c t r i c  h e a t in g  c i r c u i t ,  a ,  h e a t e r s  o u t s id e  e n c lo s u re ;
b ,  h e a t e r s  i n s id e  e n c lo s u re ;  c ,  powers ta t  a u to t ra n s f o rm e r ;  
d,  low-speed e l e c t r i c  motor.
The in n e r  s u r fa ce s  of  the  l a r g e r  t r a n s i t e  box were l i n e d  with 
aluminum f o i l  in  o rde r  to  reduce h e a t  l o s se s  through th e  w a l l s ,  and to  
improve the  un i fo rm i ty  o f  tempera ture  in  the  in n e r  box.  The o u t e r  s u r ­
face  was l in e d  w i th  l / 8 " copper s h e e t in g ,  onto the  su r face  o f  which 
was so ldered  about 15'  o f  l / 4 "  copper t u b in g .  Cooling w a te r  flowed 
con t inuous ly  through the  t u b in g ,  keeping the  o u t s id e  o f  th e  oven a t  or  
below room tem p e ra tu re .  Holes 2" in  d iameter  were made in  both boxes 
to  enable  th e  passage of  t h e  e x c i t i n g  and f lu o r e s c e n t  l i g h t  to  and from 
the  f lu o rescence  c e l l  w i t h i n . . Windows made o f  po l i shed  pyrex g l a s s  
were fa s tened  a i r - t i g h t l y  t o  the  in n e r  s id e s  o f  the  magnesium box.  Two 
blackened 2 " hollow aluminum c y l in d e r s  1 0 " long jo in e d  the  oven t o  the  
l i g h t - t i g h t  boxes which con ta ined  th e  o p t i c a l  systems fo r  the  
e x c i t a t i o n  and o b se rv a t io n  o f  f lu o r e s c e n c e .
C a l ib r a t e d  chrome1-alumel and copper-cons tan tan  thermocouples,  
used in  con junc t ion  with a Leeds and Northrup m i l l i v o l t  p o te n t io m e te r ,
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p erm itted  tem pera tu re  measurement a t  v a rio u s  lo c a tio n s  in  th e  ovena 
w ith  an accuracy  o f 0*1°C. By a d ju s t in g  th e  c u rre n t to  th e  h e a te rs*  
th e  tem peratu re  could be v a r ie d  from 15°C to  370°C* A u n ifo rm ity  o f  
tem peratu re  w ith in  5°C was o b ta ined  th roughout the  in n e r  box, w ith  a 
s t a b i l i t y  o f +1°C over p e rio d s  o f  more th an  8 hours*
In  o rd e r to  m ain ta in  a s u f f i c i e n t ly  low cesium vapour d e n s ity  
in  th e  flu o rescen ce  c e l l ,  i t  was necessa ry  to  keep th e  side-arm  r e s e r ­
v o ir  a t  a tem pera tu re  c lo se  to  18°C. S ince th e  main oven was main­
ta in e d  a t  tem p era tu res  as h igh  as 370°C, the s ide-arm  tube had to  be 
ad equate ly  in s u la te d  from th e  main oven* To accom plish th is *  th e  s id e -  
arm was p laced  in to  a se p a ra te  oven* whose c o n s tru c tio n  i s  shown in  
F igure 5 . A Jen a  U ltra th e rm o s ta t pumped w a ter through th e  in n e r  c o i l  
c f  l /4 "  copper tu b in g  which was so ld ered  to  th e  c e n tr a l  copper s le e v e . 
The tem pera tu re  o f  t h i s  w ater was c o n tro lle d  and c o n s ta n t to  w ith in  
+p.025°C. C ooling w ater flowed con tin u o u sly  in  th e  o u te r  c o i l  to  in ­
s u la te  th e  in n e r c o i l  from th e  high tem p era tu res  in  th e  main oven*
T his o u te r  h e l ix  was wound in  th e  o p p o site  d i r e c t io n  to  th a t  o f  th e  
in n e r one* so t h a t  the  tu b in g  from th e  in n e r c o i l  could  r e tu rn  to  th e  
bottom between th e  tu rn s  o f  th e  o u te r  co il*  as shown in  F igure  5*
To improve therm al c o n tac t between th e  side-arm  and th e  
c e n tr a l  copper sleeve* th e  s id e  oven was p a r t i a l l y  f i l l e d  w ith  o i l  
and connected by means c f  a 3 mm f le x ib le  p l a s t i c  c a p i l l s r y  to  an o th er 
tube o u ts id e  th e  oven* The o i l  le v e l  in  th e  s id e  oven was a d ju s ta b le  
by r a is in g  o r low ering th e  e x te rn a l  r e s e r v o i r .  The tem p era tu res  
i t  th e  bottom  and a t  a p o in t 3 cm above the  bottom  o f  th e  s ide-arm
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were m onitored by copper-con* tan tan  therm ocouple* cemented to  th e  
g la s s .  The side-arm  tem peratu re  was v a r ia b le  in  th e  range from 10°C 
to  95cC w ith  a s t a b i l i t y  o f  iQ*l°C over p e rio d s  o f  s e v e ra l days*
The p o s it io n s  o f th e  s id e  oven and flu o rescen ce  c e l l  in  th e  
stain oven a re  in d ic a te d  in  F igure  6* The c e l l  i s  drawn from th e  
d i r e c t io n  o f th e  p h o to m u ltip lie r  tu b e .
E>. Experim ental Procedure
In  p re p a ra tio n  fo r  th e  ex p erim en t, th e  flu o rescen ce  c e l l  was 
a tta ch e d  to  th e  vacuum system  through th e  side-arm  tube* I t  was th en  
degassed a t  about 3D0°C fo r  two days a t  a vacuum o f  approx im ately
m
10* to r r*  A g la s s  ampoule c o n ta in in g  2 g o f  99.9b* pure cesium m etal 
su p p lied  by th e  A.D. fcicKay Company was broken under vacuum, and approx­
im ate ly  0 .5  g o f  th e  m etal was d i s t i l l e d  in to  th e  s ide-arm  which was 
th en  sea le d  o f f .  In  o rd e r to  reduce r e f le c t io n s  o f  both  th e  e x c it in g  
and f lu o re sc e n t l i g h t ,  th e  main body o f th e  c e l l  was p a in te d  w ith  
aquadag*
The c e l l  was th en  p o s itio n e d  in  th e  ovens as  shown in  F igure  
6 , and was connected by th e  c a p i l la r y  to  th e  vacuum system* C a lib ra te d  
co p p er-co n stan tan  and chrom el-alum el therm ocouples were a tta c h e d  to  th e  
side-arm  and to  th e  body c f  the  c e l l ,  re sp e c tiv e ly *  The o i l  le v e l  in  
'the s id e  oven was a d ju s ted  so th a t  on ly  th e  lower p o r tio n  o f  th e  s id e -  
arm was immersed. The c e l l  was baked fo r se v e ra l days a t  370°C with 
th e  s ide-arm  near 15°C, ir. o rd e r to  f a c i l i t a t e  th e  d i s t i l l a t i o n  o f  
cesium in to  th e  bottom  o f th e  r e s e r v o i r .
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F ig .  6  The f luo rescence  c e l l  and ovens.  A, f luo rescence  c e l l ;  B, s ide-arm;  C, c a p i l l a r y ;
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f l e x i b l e  c a p i l l a r y .  nj
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A v is u a l  alignm ent o f th e  o p t ic a l  system  was c a r r ie d  o u t w ith  
th e  a id  o f a sodium Osram lamp. The image o f  th e  monochromator s l i t  
was p laced  as c lo se  as p o ss ib le  to  th e  co rn e r formed by th e  two win* 
dows, w ith o u t causing  sp u rio u s  r e f le c t io n s  to  o c cu r . T h is reduced th e  
o p t ic a l  path  leng th  o f th e  observed f lu o re sc e n t l i g h t  to  approx im ately  
1 mm, and hence minimized re a b so rp tio n  o f  r a d ia t io n  em itted  in  th e  
d ir e c t io n  o f  o b se rv a tio n .
The f lu o re s c e n t l i g h t  from th e  c e l l  was rendered  p a r a l l e l  by 
a len s  and d ire c te d  through th e  in te r fe re n c e  f i l t e r s  to  a second len s  
which focused th e  beem onto  th e  photocathode o f  th e  p h o to m u ltip lie r  
tu b e . Measurements o f  th e  tra n sm is s io n s  o f  th e  f i l t e r s  served  as an 
a f f e c t iv e  check on w hether o r no t th e  f lu o re s c e n t l i g h t  was p a r a l l e l .  
When th e  le n s  was a d ju s te d  fo r  peak f i l t e r  tran sm iss io n s*  v a lu es  were 
ob ta ined  which were on ly  about l£  below th o se  g iven  in  fa c to ry  
s p e c i f ic a t io n s .
The gases used in  th e  experim ents were ob ta in ed  in  one l i t r e  
pyrex f la s k s .  The m anufactu rers and t h e i r  s p e c if ie d  p u r i t i e s  fo r  th e  
gases a re  shown in  Table I .
The gas b o t t l e s  were opened under vacuum and th e  g ases were 
g e t te re d  w ith  cesium vapour a t  a tem peratu re  o f  about 300°C fo r  s e v e ra l 
days be fo re  u s e . C o n tro lle d  amounts o f  gas* m onitored ro ugh ly  by th e  
P iran i gauge, were leaked in to  th e  i n i t i a l l y  evacuated  system through 
a s c ra tc h  in  th e  stopcock which i s o la te d  th e  b o t t l e  from th e  system .
All gas p re ssu re  measurements were made w ith  th e  McLeod gauge.
Reproduced  with permission of the copyright owner. Further reproduction prohibited without permission.
24
TABLE I
Gas S p e c ifie dP u r ity M anufacturer
“ 4
99.98* The Matheson Company
“ 3 ° 97.92%* The Merck* Sharp and Dohme Company
96.66%* The Merck* Sharp and Dohme Company
CHD3 96.26** The Merck* Sharp and Dohme Company
“ 4
96.97** The Merck* Sharp and Dohme Company
The in te n s i ty  r a t i o s  c f  th e  two components p re se n t in  th e  
flu o rescen ce  from th e  vapour~gas m ixture* 1\   ^ and i \  j ,  w*r * m easured as 
fu n c tio n s  o f  th e  gas p re ssu re  fo r  a c o n stan t main oven tem peratu re*
The flu o rescen ce  c e l l  was k ep t under a vacuum o f  a t  l e a s t  10*7 to r r*  
excep t du ring  an a c tu a l experim en tal run* and was always evacuated  
im m ediately fo llow ing  com pletion o f a ru n .
In  o rd er to  In v e s t ig a te  th e  range o f  cesium vapour p re s su re s  
over which th e  im prisonm ent o f  r a d ia t io n  in  th e  vapour was no t 
s ig n if ic a n t*  th e  dependence o f  th e  in te n s i ty  ra t io s *  <i\ j  and 1\  2 » on
•
The v a lu es  g iven  fo r  th e  d e u te ra te d  methanes a re  Is o to p ic
p u r i t ie s *
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th e  s ide-arm  tem peratu re  and hanca on th e  casium vapour p ressu re*  was 
maasurad a t  a c o n s ta n t gas p re s su re . During t h i s  experim ent th e  tem per­
a tu re  o f  th e  main oven was m ain ta ined  a t  465°Kt and th e  p re ssu re  o f th e  
gas (CD^) a t  0 .3 8  t o r r .  The cesium vapour p re ssu re  was c a lc u la te d  from 
th e  s ide-arm  tem peratu re  w ith  th e  a id  o f th e  Taylor-Langm uir (1937) 
em p irica l formula* The r e s u l t s  o f  t h i s  experim ent a re  p lo t te d  in  
F igure 7 , which shows th a t  th e  in te n s i ty  r a t i o s  a re  independent w ith in  
experim en ta l u n c e r ta in ty  o f  th e  cesium vapour p re ssu re  fo r  p re s su re s  
lower th an  approxim ately  1 .5  x 10*^ to r r*  For h ig h e r  p re s su re s  th e  
e f f e c t  o f re a b so rp tio n  o f f lu o re s c e n t r a d ia t io n  in  th e  vapour m a n ife s ts
i t s e l f  in  th e  s tead y  r i s e  o f  both  curves* T h is  ag rees  w ith  th e  o b se r-
2 2v a tio n s  o f  Czajkowskl and Krause (1965) who in v e s t ig a te d  -  P ^
m ixing c o l l i s io n s  in  pure cesium vapour* I t  can be concluded from th e  
r e s u l t s  shown in  F igure 7 t h a t  fo r  t h i s  experim en tal arrangem ent th e  
casium r e s e rv o i r  should be m ain ta ined  a t  tem p era tu res  below 25°C which 
corresponds to  a vapour p re ssu re  o f 1*5 x 10 t o r r .  Under th e se  
circum stances*  th e  f lu o re s c e n t in te n s i ty  r a t io s  were measured under th e  
experim en ta l c o n d itio n s  p o s tu la te d  in  C hapter XI* For a l l  exp erim en ta l 
measurements* th e  side-arm  was m ain ta ined  near 18°C.
I t  was a lso  n ecessa ry  to  determ ine th e  in te r v a l  o f tim e 
req u ired  to  ensure  com plete e q u ilib riu m  in  th e  system a f t e r  th e  p re s su re s  
o f th e  g ases were changed* The dependence o f th e  f lu o re s c e n t in te n s i ty  
r a t io s  tv i  *nd on th e  tim e e lap sed  a f t e r  th e  p re ssu re  change* i s  
shown in  F igure  8* I t  can be seen th a t  fo r  a change in  CD  ^ p re ssu re
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CESIUM VAPOUR PRESSURE (TORR)
F ig .  7 The v a r i a t i o n  of the  observed f l u o r e s c e n t  i n t e n s i t y  r a t i o s  with cesium vapour p re s su re ,
with  0 .38  t o r r  of CD a t  465°K. The measurements of c ross  s e c t io n s  were c a r r i e d  out in  ^  
the  range in d i c a te d  by A.
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F ig .  8  P lo t s  of  the  i n t e n s i t y  r a t i o s  ^  ^ or _ a g a in s t  the  e lapsed  
t ime a f t e r  admission of gas (CD^ ) in to  the  f lu o rescence  c e l l .  
The p o in t s  " a ” r e p r e s e n t  a change from vacuum to  0.21 t o r r ,  
and "o" from 0.21 to  0 .58  t o r r .  The read ings  have been 
normalized to  the  same value fo r  purposes of  comparison.
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frcrn approxim ately  10 t c r r  to  0.21 t o r r ,  th e  e stab lish m en t c f  
e q u ilib riu m  re q u ire d  50 minutes* w hile a change from 0 .21  to  0 .5 8  t o r r  
re q u ire d  on ly  about 30 m in u tes . In  th e  a c tu a l experim ents* th e  gas 
p re ssu re s  were v a r ie d  from approx im ately  0 .2  to  1 .0  t o r r .  One hour was 
allow ed b e fo re  measurements a f t e r  gas was i n i t i a l l y  adm itted  in to  th e  
system* and 30 m inutes a f t e r  each subsequent p re ssu re  change* which 
u s u a lly  M ounted to  about 0 .1  t o r r .  C o rre c tio n s  to  th e  p re ssu re  read in g s  
clue to  therm al t r a n s p i r a t io n  in  th e  c a p i l la r y  jo in in g  th e  flu o rescen ce  
c e l l  to  th e  vacuum were n e g lig ib le  in  th e  p re ssu re  range in v e s tig a te d *  
s in ce  th e  mean free  path  o f  th e  m olecules was always s h o r te r  th an  th e  
d iam eter o f  th e  c a p i l la r y  (Dushman and L a ffe r ty  1962).
Tc p rev en t condensation  o f cesium on the w a lls  o f th e  c e l l  
when th e  tem pera tu re  was decreased* a lew speed motor was f i t t e d  to  th e  
v a r ia b le  a u to tran sfo rm er which su p p lied  th e  c u rre n t to  th e  oven h e a tin g  
c i r c u i t*  and was op era ted  by a tim e sw itch . T h is  arrangem ent p e rm itted  
a continuous tem pera tu re  v a r ia t io n  o f approxim ately  6°C per hour in  th e  
oven over any p erio d  o f tim e d e s ir e d .
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IV. RESULTS AND DISCUSSION
A ty p ic a l  graph o f tha  f lu o re sc e n t in te n s i ty  r a t io s  ^ and 
t\  j  a g a in s t CH  ^ p ra ssu ra  i s  shown in  F igure 9 . To o b ta in  th a  f lu o re s -  
can t i n t e n s i t i e s ,  c o r re c tio n s  were ap p lied  to  th e  measured p h o to c u rra n ts  
t c  account fo r  th e  tra n sm iss io n s  o f  th e  in te r fe re n c e  f i l t e r s  which sepa­
ra te d  th e  components o f  th e  cesium resonance dou b le t in  th e  f lu o re s c e n t 
l ig h t  from th e  vapour-gas m ixture* and to  compensate fo r  th e  d i f f e r e n t  
response o f th e  3-1 photocathode to  8521 8 and 8943 £ r a d ia t io n .  The 
quantum e f f ic ie n c ie s  E o f th e  3-1  p h o to se n s itiv e  la y e r  as s p e c if ie d  by 
th e  m anufactu rer were*
E(8943) = 0.31%
E(852l) = 0.35/fc
The tra n sm iss io n s  o f  th e  in te r fe re n c e  f i l t e r s  were rem easured on th e  
system whenever any p a r t  o f  th e  o p t ic a l  system  was d is tu rb ed *  and were 
always w ith in  1% o f th e  v a lu es  g iven  by fa c to ry  s p e c l f ic a t io n s t
T ransm ission  (8943) = 61.£  >
T ransm ission  (8521) * 68.8%
The r a t io s  i \   ^ and t \  2 were c a lc u la te d  from th e se  c o rre c te d  i n t e n s i t i e s  
accord ing  to  eq u atio n s  (7) and (8 ) .  The s l ig h t  downward cu rv a tu re  in  
the p lo ts  o f   ^ and t \  2 a g a in s t  th e  gas p re ssu re  i s  a n t ic ip a te d  from 
the  form o f eq u a tio n s  (9)* (10)* (11) and (1 2 ) . The experim en ta l r e s u l t s  
ob tained  in  a l l  the  experim ents are l i s t e d  in  Appendix I .
29
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GAS PRESSURE (TORR)
F ig .  9 P l o t s  o f  the  i n t e n s i t y  r a t i o s   ^ and 2  a g a i n s t  CH4  p re s su re  
a t  440°K.
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Th« c o l l i s io n  numbers Z^2 and Z ^  were c a lc u ls ts d  p o in t fo r
p o in t by s u b s t i tu t in g  tho  exp erim en ta l v a lu es  o f  ^   ^ and t \  2 In  e< |uations
(9) and (1 0 ) , and were p lo t te d  a g a in s t  th e  gas p ressu res*  The mean l i f e *
tim es o f th e  cesium 6 ^ ^  and *2P3/^  s t a t e s ,  and a re  equal to  
*8 -83 .8  x 10 and 3 .3  x 10 seconds, re s p e c t iv e ly  (L an d o lt-B o rn ste in  1950). 
The graph co rresponding  to  th e  d a ta  o f  F igure  9 i s  shown in  F igure  10. 
When th e  quenching o f f lu o re sc e n t l i g h t  i s  n e g l ig ib le ,  such p lo ts  o f th e  
c o l l i s io n  numbers a g a in s t  gas p re ssu re  y ie ld  s t r a ig h t  l in e s  which pass 
through th e  o r ig in .  When th e  quenching p ro cess  i s  s ig n i f i c a n t ,  th e  p lo ts  
tend  to  e x h ib i t  a downward c u rv a tu re , e s p e c ia l ly  a t  h ig h e r  gas p re s su re s  
(M cG illis and Krause 1968)* No such c u rv a tu re  was observed in  any o f  
th e  cesium-methane m ix tu res over th e  ex p erim en ta l range o f p re s s u re s .  
In d ic a tin g  th a t  th a  quenching p ro cess  was o f n e g lig ib le  p ro p o r tio n .
A l in e a r  le a s t- s q u a re  a n a ly s is  was perform ed on th e  v a lu es  o f  
7.^ 2 *nc* Z21 and th e  corresponding  p re s su re s , and th e  r e s u l ta n t  s lo p es  
were used in  co n ju n ctio n  w ith  eq u a tio n s  ( l l )  and (12) to  o b ta in  th e  
re s p e c tiv e  m ixing c ro ss  s e c t io n s .  Because th e  In te rc e p ts  o f  th e  c a lc u ­
la te d  s t r a ig h t  l in e s  were always ve ry  sm a ll, and were as f re q u e n tly  nega­
t iv e  as p o s i t iv e ,  th a  le a s t- s q u a re s  l in e s  were c o n s tra in e d  to  pass  
through th e  o r ig in  and t h e i r  s lo p es  were th en  used in  c a lc u la t io n s  o f 
the m ixing c ro ss  s e c t io n s .  The whole a n a ly s is  o f  experim en ta l d a ta  
was perform ed on a D ig i ta l  PDP-8L com puter.
The s t a t i s t i c a l  u n c e r ta in ty  in  th e  c a lc u la te d  s lo p es  was 
sm alle r th a n  2% fo r  a l l  o f  th e  cesium-m ethane m ix tu re s . The sy s te m a tic
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P l o t s  o f  c o l l i s i o n  numbers Zy^  an^ Z ^  a g a in s t  CH4  p re s su re  a t  
440°K. The s t r a i g h t  l i n e s  r e p r e s e n t  l e a s t  squares  ana lyses  o f  
the  da ta  p o i n t s .
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e r r o r  a r is in g  from c o rre c t io n s  fo r  f i l t e r  tra n sm iss io n s  and pho to ­
m u l t ip l ie r  s p e c tra l  response was e s tim ated  to  be near 2%• Measurements 
o f tem pera tu re  and gas p re ssu re  were r e l i a b le  to  w ith in  2% each* and th e  
mean l i f e t im e s  c f  th e  cesium resonance s t a t e s  were considered  to  be 
c o r re c t  to  w ith in  4%. Taking a l l  o f th e se  Independent sources o f  e r r o r  
in to  c o n s id e ra tio n !  th e  experim en tal m ixing c ro ss  s e c tio n s  a re  e s tim a te d  
to  have a maximum u n c e r ta in ty  o f 10%.
The experim en tal mixing c ro ss  s e c tio n s  fo r  m ix tu res  o f  cesium 
w ith  o rd in a ry  and d e u te ra te d  m ethanes a re  p resen ted  in  T ab les I I  through 
V I. In  each case th e  experim en ta l r a t io s  Qj£ ^ 2 1  a r* *n agreem ent to  
w ith in  a few p e rc en t w ith  th e  p re d ic t io n s  o f  th e  p r in c ip le  o f d e ta i le d  
b a la n c in g . The dependence o f th e  experim en ta l c ro ss  s e c tio n s  on th e  
tem pera tu re  o f  th e  vapour-gas m ix ture  i s  p re sen ted  in  F igure  11. The 
v a lu es  o f  have haen d iv id ed  by exp(-AE/VT) to  perm it th e  d i r e c t  
comparison o f th e  behav iour w ith  tem pera tu re  o f  and Q j^• The curves
a re  drawn in  fo r  c l a r i t y ,  and re p re se n t no fu n c tio n a l r e la t io n s  o f  th e  
d a ta  p o in ts .  A r i s e  in  th e  c ro ss  s e c tio n s  w ith  in c re a s in g  tem p era tu re  
i s  observed fo r  a l l  c f  th e  gases a t  h ig h e r te m p e ra tu re s . At lower 
te m p e ra tu re s , however, th e re  appears to  be seme competing p ro cess  which 
causes th e  c ro ss  s e c tio n s  to  r i s e  again  as th e  tem peratu re  d e c re a se s . 
T h is e f f e c t  i s  most pronounced w ith  CH^, and d im in ishes as th e  number 
o f deuterium  atoms in  the  methane m olecule i s  in c re a se d , w ith  on ly  a 
s l ig h t  c u rv a tu re  d e te c ta b le  in  th e  case o f CD^. In  F igure 13, th e  
c ro ss  s e c tio n s  a re  p lo t te d  a g a in s t  th e  mean r e l a t iv e  v e lo c i ty  o f th e
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F ig .  11 P lo t s  of  the  mixing c ross  s e c t io n s  Q^2 an<* ^21 as Funct ions of  
the  tem p e ra tu re .  The exper imenta l  va lues  Q^ 2  have been d iv ided  
by exp(-4E/lcT) f o r  comparison with Q2 l» • »  Cs-CH4 ; a ,  Cs-CHgD; 
A, CS-CH2 D2 ; x , CS-CHD3 ; o ,  Cs-CD4 .
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Fig .  12 P lo t s  o f  the  mixing c ross  s e c t io n s  Qj2  and $21 as  func t ions  
o f  the  mean r e l a t i v e  v e l o c i t y  of  the  c o l l i d i n g  p a r t n e r s .  The 
p o in t s  Q^ 2  have been d iv ided  by exp(-4E/kT) fo r  comparison with 
Q2 i» •» CS-CH4 ; q,Cs-CH3 D; At Cs-CH2 D2 5  x,Cs-CHD3 ; o jCs-CI^.
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c o ll id in g  p a r tn e r s ,  o b ta in ed  from th e  tem pera tu re  u sing  eq u a tio n  (13)*
The m agnitudes o f  th e  m ixing c ro ss  s e c tio n s  which renge
*16 2 -16 2 from 14 x 10 cm to  25 x 10* on ,  a re  co n sid e ra b ly  la rg e r  th an  th e
corresponding  c e s iu m -in e rt gas c ro ss  s e c t io n s ,  which a re  o f  th e  o rd e r
-10 2 -20 2
o f  10 cm to  10 cm (C zajkow ski, M cG illis  and Krause 1966, G a llag h er 
1968)• T h is  eould be tak en  to  in d ic a te  th a t  th e  t r a n s f e r  o f atom ic 
e x c i ta t io n  energy should invo lve  in te r n e l  m olecu lar degrees o f  freedom , 
o r  th e  form ation  o f  some t r a n s i t i o n - s t a t e  complex, r a th e r  th an  o n ly  th e  
k in e t ic  energy o f  th e  c o l l id in g  p a r tn e r s ,  as must be th e  case in  a l k a l i -  
i n e r t  gas c o l l i s i o n s .  I f  th e  energy t r a n s f e r  were accom plished e x c lu ­
s iv e ly  by means o f  a t r a n s f e r  to  o r from th e  k in e t ic  energy continuum , 
a l l  th e  c ro ss  s e c tio n s  would be expected  to  In c rease  m ono ton lea lly  w ith  
r e l a t iv e  v e lo c i ty ,  as i s  th e  case fo r  cesium and ru b id iu m -in e rt gas 
systems (G allagher 1968).
The d i f f e r e n t  tem pera tu re  dependences o f  th e  m ixing c ro ss  
s e c tio n s  fo r  c o l l i s io n s  o f  cesium w ith  methane and i t s  d e u te ra te d  
analogues can on ly  be ex p la in ed  on th e  b a s is  c f  p a r t ic ip a t io n  o f in te r n a l  
m o lecu lar degrees o f  freedom e s p e c ia l ly  s in c e  th e  therm al p o p u la tio n s  o f  
m olecu lar r o ta t io n a l  s t a t e s  a re  s h i f te d  by changes in  te m p e ra tu re . A 
resonance w ith  r o ta t io n a l  t r a n s i t io n s  has been proposed by M cG illis  and 
Krause (1968) to  ex p la in  la rg e  mixing c ro ss  se c tio n s  (1G ~ ^ to  10 ’^em ^) 
in  m ix tu res o f  cesium w ith  H^, HD and D2 » Such a mechanism however 
appears u n lik e ly  in  th e  case  o f  th e  m ethenes, where th e  r o te t lo n a l  le v e ls  
a re  too c lo s e ly  spaced to  env isage  any sharp  resonance w ith  th e  energy
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d e fe c t between th«  cesium fin *  s t ru c tu re  le v e ls  (554 cm"*). The
p o s s ib i l i t y  th a t  t h i s  energy t r a n s f e r  might be re so n an t w ith  some v ib r a ­
t io n a l  t r a n s i t i o n  in  th e  methane m olecule o f  i t s  d e u te ra te d  analogues 
a lso  seems u n lik e ly  because o f th e  la rg e  v ib r a t io n a l  freq u en c ies
M cG illis and Kraus* (1969) suggested  th a t  th e  e x c i ta t io n  t r a n s f e r  in  
cesium m ight proceed by a mechanism in v o lv in g  th e  fo rm ation  o f a long- 
liv e d  t r a n s i t i o n  s t a t e  complex and gave a q u a l i ta t iv e  e x p la n a tio n  fo r  
th e  e f f e c t  in  term s o f an iso to p e  e f f e c t  on th e  re a c t io n  r a t a .  T h is  
type of mechanism had been accep ted  as b e ing  re sp o n s ib le  fo r  th e  quench­
ing  o f a lk a l i  resonance r a d ia t io n  by m olecules (N ik it in  1965), and o rd e r 
o f  m agnitude agreem ent between th e o r e t ic a l  and exp erim en ta l m ixing c ro ss  
se c tio n s  fo r  c o l l i s io n s  o f cesium w ith  N  ^ has a lso  been o b ta in ed  assuming 
th e  form ation  o f a Cs -N^ io n ic  complex (Andreev and Voronin 1969)*
I f  i t  i s  assumed th a t  such a mechanism governs th e  mixing 
p ro c e ss , th e  fo llow ing  eq u a tio n s  d e fin e  th e  t r a n s i t i o n  s t a t e  e q u i l ib r i a !
(> 9 8 0  cm"*), t h a t  a re  involved*
O bserving th a t  Q(CH4)/t}(CD4) decreased  w ith  te m p e ra tu re .
CH. ♦ Cs*4
CD. + Cs* 4
C«3D + Cs*
CH2 D2 + C s*
CHD3 * Cs*
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where th e  M denote th e  a p p ro p ria te  t r a n s i t i o n  s t a t e  complexes* and th e  
co n s ta n ts  K a re  th e  corresponding  a c t iv a t io n  e q u ilib riu m  c o n s ta n ts .
From the  t r a n s i t i o n  s t a t e  theory*  th e  r a t i o  o f  th e  c o n s ta n t fo r  th e  
p ro cess  in v o lv in g  a normal m olecule to  th e  co n s ta n t Kj fo r  th e  e o r re s -  
ponding p ro cess  w ith  an analogous is o to p ic  m olecule obeys th e  r e la t io n s
where ^  i s  th e  frequency o f a v ib ra t io n  a s so c ia te d  w ith  a p a r t i c u la r  
bond which i s  invo lved  in  th e  form ation  o f th e  complex and T i s  th e  
a b so lu te  tem pera tu re  (M elander 1960).
p ro p o r tio n a l to  th e  r a te  co n s ta n ts  k fo r  th e  corresponding  m ixing 
p ro cess  a t  a g iven  tem peratu re*  and hence a re  p ro p o r tio n a l to  th e  
a p p ro p ria te  m ixing c ro ss  s e c tio n s  Qi
The dependence on th e  tem peratu re  o f  th e  r e l a t iv e  m ixing c ro ss  s e c tio n s  
w ith  th e  gases should th e re fo re  be governed by th e  e x p re ss io n i
n s  4-m
where w(CH4) i s  a v ib ra t io n a l  frequency a s so c ia te d  w ith  the  normal 
methane m olecule* and w fQ M ^) i s  th e  corresponding  frequency in  th e
( 16)
In  th e  p re se n t case th e  a c t iv a t io n  e q u ilib riu m  c o n s ta n ts  K a re
*i h  Qi '
(17)
m = 0 ,1 ,2 ,3
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a p p ro p ria te  ia o to p ic  m olecu le .
Tha r a t i o s  o f th a  experim en ta l c ro ss  se c tio n s  fo r  th e  cesium - 
methane m ix ture  to  th o se  fo r  th e  cesiu m -d eu te ra ted  methane m ix tu res  a re  
p lo t te d  a g a in s t  in v e rse  tem peratu re  in  F igure 13* The r a t i o s  were 
ob ta in ed  from th e  curves in  F igure  11* s in ce  th e  c ro ss  s e c tio n s  w ith  
th e  d i f f e r e n t  gases were n o t measured a t  id e n t ic a l  te m p e ra tu re s . I t  
may be seen th a t*  on a sem ilogarithm ic  p lo t*  th a  d a ta  p o in ts  l i e  rough ly  
along s t r a ig h t  l in e s  whose s lo p es  in c re a se  as th e  number o f  deuterium  
atoms in  th e  m olecule d e c re a se s . The s e t  o f exp erim en ta l p o in ts  fo r 
each r a t i o  has been m u lt ip l ie d  by a num erical c o n s ta n t to  pe rm it com­
p a riso n  w ith  th e  s lo p es  o f th e  s t r a ig h t  lin e s*  which re p re s e n t  th e  
fu n c tio n s  on th e  r ig h t  s id e  o f  r e l a t i o n  (1 7 ) . The v a lue  used fo r  w 
in  each case was a s t a t i s t i c a l l y  w eighted mean o f a l l  th e  normal ground 
s t a t e  v ib r a t io n a l  freq u en c ies  o f  th e  p a r t i c u la r  m olecule* which were 
o b ta in ed  from th e  c a lc u la t io n s  o f  Dennison (1940) and which a re  l i s t e d  
in  Appendix IX. In  each case th e re  i s  good agreem ent between th e  s lo p es  
o f th e  exp erim en ta l d a ta  p o in ts  and th e  computed fu n c tio n . The d e p a rtu re  
o f  th e  d a ta  p o in ts  from th e  th e o r e t ic a l  curves a t  th e  h ig h e s t  tem pera­
tu re s  m ight In d ic a te  th a t  e x c i t a t io n  o f  h ig h e r  m olecu lar v ib r a t io n a l  
s t a t e s  i s  becoming s ig n i f ic a n t  as th e  tem p era tu re  i s  increased*  s in ce  
th e  n e a re s t o f th e se  le v e ls  in  th e  normal and Is o to p ic  methane m olecules 
a re  c lo se  to  1000 cm”* above th e  ground s t a t e .
The f a c t  t h a t  r e l a t io n  (17) ag rees w ith  th e  exp erim en ta l d a ta  
when a w eighted average o f th e  normal v ib r a t io n a l  freq u en c ie s  o f th e
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Fig .  13 P lo t s  of the  r a t i o s  of the  c ross  s e c t io n s  with the  deu t -  
e r a t e d  methanes to  those  with  CH4  as func t ions  of inverse  
te m pera tu re .  The l i n e s  r e p r e s e n t  the  fu n c t io n s :  
exp[(hc/2kT) (w(CH4) -  w(CHmDn))], m+n = 4 
where w i s  a weighted mean of the  normal ground s t a t e  
v i b r a t i o n a l  f r equencies  of  the  des igna ted  molecule .  The 
exper imenta l  p o in t s  have been normalized to  the  a p p ro p r i a t e  
l i n e s  for comparison. • ,  Q2 1  r a t i o s ;  o ,  Q^ 2  r a t i o s .
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a p p ro p ria te  m olecule i s  s u b s t i tu te d  fo r  w seems to  in d ic a te  t h a t  th e  
in te r a c t io n  between th e  m olecule and th e  cesium atom may invo lve  any 
o f th e  v ib r a t io n a l  modes o f th e  m olecule* r a th e r  titan  a s in g le  C-H o r 
C-D bond. I t  i s  a n t ic ip a te d  th a t  s im ila r  experim ents w ith  o th e r  a lk a l i  
atoms and o th e r  is o to p lc  m olecules should p rov ide  a deeper in s ig h t  in to  
th e  mechanisms which govern th e  t r a n s f e r  o f  e x c i ta t io n  energy in  a lk a l i  
atoms* Induced in  c o l l i s io n s  w ith  m o lecu les .
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APPENDIX I
EXPERIMENTAL DATA
Cs CH. DATA 4
T (°K)
294
315
331
351
373
( to r r ) A l ^ 2
.162 .0188 .00309
.260 .0296 .00497
.330 .0367* .00594
.400 .0463 .00679
.500 .0579 .00902
.592 .0678 .01050
.690 .0796 .01210
.789 .9018 .01370
.880 .1069 .01570
.163 .0183 .00334
.290 .0320 .00595
.172 .0178 .00382
.267 .0274 .00584
.375 .0385 .00824
.485 .0502 .0103
.589 .0606 .0127
.685 .0708 .0145
.790 .0831 .0161
.147 .0143 .00355
.275 .0267 .00635
.372 .0361 .00881
.495 .0486 .0116
.565 .0548 .0133
.667 .0648 .0153
.755 .0719 .0176
.857 •0846 .0205
.190 .0171 .00523
.328 .0300 .00865
.413 .0377 .0102
.508 .0472 .0138
.618 .0556 .0159
.690 .0636 .0171
.832 .0771 .0200
.901 .0804 .0221
.975 •0889 .0223
Data p o in t?  n o t usad In  c a lc u la t io n s
47
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Cs - OL DATA (continued)4
T ( K)
406
440
479
525
563
( tc r r ) ^ 1 ^ 2
.235 .0206 .00642
.295 .0256 .00630
.415 .0357 .0110
.488 ,0441 .0146
.612 .0533 .0170
.707 .0607 .0201
.795 .0683 .0215
.905 .0765 .0250
.184 .0150 .00576
.260 .0224 .00855
.453 .0372 .0139
.538 .0444 .0170
.616 .0506 .0195
.720 .0578 .0227
.772 .0642 .0233
.870 .0697 .0266
.06 .0667 .0314
.216 .0174 .00773
.318 .0258 .0105
.428 .0340 .0146
.518 .0402 .0171
.620 .476 .0216
.710 .0540 .0236
.875 .0628* .0298
.190 .0145 .00716
.370 .0279 .0142
.495 .0381 .0169
.712 .0530 .0266
.776 .0570 .0286
.970 .0697 .0352
.35 .0939 .0475
.308 .0232 .0125
.390 .0299 .0166
.500 .0372 .0205
.590 .0431 .0243
.712 .0506 .0279
.765 .0550 .0297
.872 .0611 .0346
* Data p o in ts  no t used in  c a lc u la t io n s
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Cs -  CH, DATA (continued)4
T (°K) 
091
616
643
* Data
P ( to r r ) ^ 1 *1 2
.209 .0155 .0102
.306 .0227 .0140
.403 .0292 .0177
.500 .0358 .0221
.593 .0425 •0264
.720 .0509 .0297
.768 .0544 .0314
.925 .0635 .0379
.210 .0156 .0101
• 31E .0231 .0149
.400 .0295 •C1&5
.497 .0357 .0231
.598 .0426 .0272
.705 .0494 .0318
.780 .0547 .0358
.817 .0588 .0368
.200 .0165* .00961
.306 .0232 .0155
.392 .0290 .0176
.511 .0383 .0231
.592 .0414 .0250*
.690 .0473 .0325
.798 .0607 .0377
.667 .0633 .0396
p o in ts  no t usad in  c a lc u la t io n s
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cs  -  gh3d DATA
T (°K)
292
305
334
382
( to r r ) ^1 *2
.171 .0187 .00264
.262 .0281 .00480
.308 .0332 .00557
.355 .0394 .00649
.417 .0464 .00726
.471 .0537 .00842
.545 .0626 .00974
.613 .0677 .0113
•659 .0745 .0116
.683 .0776 .0123
.173 .0188 .00363
.233 .0239 .00476
.292 .0313 .00571
.338 .0358 .00635
.390 .0424 .00688
.425 .0466 .00849
.508 .0549 .00958
.568 .0617 .0107
.650 .0713 .0124
.750 .0817 .0140
.145 .0147 .00355
.205 .0205 .00467
.272 .0281 .00666
.320 .0318 .00708
.420 .0426 .00972
.489 .0504 .0101
.555 .0574 .0122
.612 .0622 .0136
.670 .0680 .0147
.185 .0173 .00500
.255 .0240 .00678
.300 .0282 .00839
.378 .0351 .0101
.448 .0408 .0121
.725 .0680 .0190
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Cs -  CH^ D DATA (continued)
T <°K) 
439
484
538
591
639
(to x r) ^ 1 ^ 2
.180 .0154 .00593
.222 .0197 .00716
.275 .0246 .00843
.340 .0299 .0115
.408 .0363 .0130
.470 .0402 .0158
.520 .0456 .0170
.588 .0518 .0195
.230 .0201 .00941
.264 .0223 .0101
.341 .0293 .0134
.404 .0348 .0151
.468 .0396 .0178
.516 .0425 .0200
.585 .0485 .0224
.652 .0528 .0256
.160 .0146 .00760
.250 .0218 .0116
.380 .0319 .0160
.472 .0380 .0198
.558 .0462 .0228
.621 .0501 .0267
.213 .0177 .0109
.245 .0208 .0122
.270 .0227 .0123
.320 .0272 .0165
.350 .0277 .0168
.414 .0348 .0199
.477 .0384 .0224
.478 .0397 .0234
.178 .0149 .0111
.252 .0202 .0136
• 348 .0287 .0182
.415 .0354 .0226
.478 .0374 .0250
.560 .0412 .3280
.626 .0487 .0318
.700 .0525 .0350
.737 .0565 .0359
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cs - cn2D2 DATA
T (°K)
297
310
338
373
410
( to r r ) ^ 2
.180 .0179 .00260
.289 .0292 .00424
.440 .0460 .00715
.532 .0567 .00822
.603 .0625 .00924
.689 .0722 .0107
.805 .0848 .0127
.901 .0956 .0142
.160 .0159 .00263
.310 .0305 .00557
.445 .0452 .00807
.533 .0549 .00957
.620 .0638 .0108
.754 .0771 .0130
.845 .0858 .0144
.193 .0192 .00458
.297 .0287 .00633
.388 .0372 .00827
.512 .0495 .0104
.620 .0595 .0128
.725 .0698 .0147
.867 .0854 .0165
.937 .0924 .0184
.190 .0177 .00512
.266 .0263 .00732
.430 .0399 .0110
.528 .0494 .0135
.663 .0630 .0163
.770 .0719 .0192
.875 .0813 .0217
.989 .0902 .0236
.184 .0177 .00575
.278 .0256 .00831
.455 .0414 .0136
.554 .0506 .0164
.685 .0619 .0192
.816 .0748 .0228
.892 .0812 .0247
1.005 .0910 .0279
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Cs -  CHj Dj  DATa (con tinued)
T (°K) 
453
497
553
568
P ( to r r ) ^ 1 ^ 2
.184 .0169 .00641
.312 .0285 .0105
.402 .0363 .0132
.490 .0446 .0168
.616 .0556 .0208
.718 .0632 .0247
.169 .0157 .00761
.289 .0269 .0124
.389 .0350 .0159
.497 .0439 .0200
.611 .0534 .0238
.700 .0615 .0278
.803 .0699 .0301
.899 .0789 .0325
1.00 .0858 .0359
.203 .0185 .00934
.312 .0282 .0143
.428 .0381 .0197
.509 .0450 .0229
.622 .0547 .0283
.698 .0618 .0319
.778 .0676 .0338
.886 .0763 .0399
1.02 .0673 .0452
.167 .0159 .00866
.272 .0254 .0137
.332 .0304 .0171
.425 .0360 .0213
.510 .0456 .0246
.604 .0532 .0291
.748 .0631 .0364
.925 .0790 .0430
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Cs -  Dj-.TA (continued)
( t c r r ) A  2
.133 .0168 .00995
.294 .0260 .0151
.379 .0327 .0203
.457 .0423 .0262
.600 .0513 .0315
.693 .0589 .0323*
.765 .0654 .0383
.203 .0177 .0123
.205 .0205* .0126
.300 .0256 .0180
.306 .0301* .0169
.395 .0331 .0222
.421 .0383 .0244
.485 .0245 .0277
.506 .0469 .0266
.594 .0488 •0326
.603 .0534 .0320
.663 .0578 .0350
.70 0 .0632 .0350*
.765 .0709 .0382*
.802 .0649 .0414
.870 .0727 .0449
* Data p o in ts  no t usad in  c a lc u la t io n s
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I <°K)
295
318
357
400
451
C* -  CHD3 DATA
(to r r ) ^ 1 ^ 2
.208 .0177 .00355
.300 .0281 .00473
.393 .0378 .00607
.490 .0480 .00800
.672 .0650 .00967
• 740 .0700 .0108
.639 .0804 .0133
.891 .OB56 .0137
.170 .0159 .00333
.266 .0246 .00459
.368 .0354 .00651
.47?, .0460 .00635
.5 4 4 .0512 ,00964
.602 .0572 .0105
.668 .0669 .0116
.769 .0720 .0140
.888 .0831 .0151
.198 .0163 .00452
.279 .0261 .00645
.400 .0370 .00911
.510 .0482 .0120
.595 .0560 .0140
.700 .0656 .0163
.801 .0735 .0189
.881 .0602 .0200
.163 .0162 .00516
.260 .0256 .00647
.388 .0364 .0114
.499 .0460 .0154
.620 .0591 .0131
.695 .0658 .0213
.779 .0737 .0223
.258 .0242 ,00938
.338 .0311 .0132
.385 .0371 .0149
.505 .0475 .0187
.610 .0577 .0228
.720 .0659 .0254
.789 .0702 .0289
.850 .0803 .0311
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:5 - CHD DATA (continued)O
T (°K) P ( t c r r )  l  i \  2
497 .190 .0186 .00827
.0132 
.0159 
.0205 
.0216 
.0269 
.0278 
.0313 
.0371
554 .179 .0159 .00691
.0142 
.0203 
.0303 
.0333 
.0369 
.0385 
.0480
591 .290 .0280 .0165
.0194 
.0232 
.0270 
.0324 
.0339 
.0374 
.0415 
.0433
626 .235 .0238 .0145
.0159 
.0205 
.0298 
.0386 
.0497
644 .192 .0221 .0143
.0187 
.0224 
.0280 
.0320 
.0435 
.0542 
.0511 
.0597
^ 1
.299 .0283
.390 .0366
.471 .0432
.521 .0493
.590 .0541
.676 .0623
.788 .0733
.955 .0872
. .0159
• 30P .0297
.42 '' .0404
.598 .0571
.673 .0601
.759 .0703
.855 .0766
.973 .0852
.0280
.347 .0328
.420 .0400
.560 .0473
.602 .0553
.652 .0593
.728 .0675
.798 .0737
.850 .0761
.0238
.265 .0260
.350 .0347
.518 .0496
.675 .0649
.872 .0821
.0221
.267 .0288
.338 .0352
.441 .0443
.520 .0525
.710 .0 7 J 1
.778 .0756
.850 .0804
.915 .0939
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T (°K )
292
310
345
373
* Data
P ( to r r )  ^  2
.190 .0161 .00256
.283 .0238* .00399
,390 .0348 .00543
.476 .0422 .00651
.560 .0500 .00802
.672 .0586* .00942
.832 .0751 .0120
.985 .0891 .0136
,190 .0164 .00298
.310 .0266 .00461
.403 .0352 .00677
.498 .0432 .00803
.610 .0539 .00974
.711 .0630 .0117
.611 .0724 .0128
.900 .0797 .0146
1.01 .0910 .0154
1.10 .0959 .0174
.183 .0156* .00390
.280 .0246 .00624
.455 .0406 .00967
.572 .0504 .0123
.635 .0563 .0137
.753 .0672 .0150
.855 .0751 .0175
.962 .0845 .0195
1.04 .0887* .0199
.201 .0183 .00479
.302 .0278 .00731
.398 .0356 .0106
.508 .0437 .0127
.628 .0560 .0154
.713 .0621 .0173
.825 .0711 .0207
.945 .0859 .0236
p o in ts  no t used in  c a lc u la t io n s
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Cs -  CD. DATA
T (°K) 
399
436
477
519
553
* Data
( to r r ) A l 2
.190 .0176 .00587
.290 .0262 .00876
•400 .0366 .0116
.487 .0439 .0151
.613 .0549 .0177
.205 .0206 .00756
.290 .0277 .0105
.398 .0394 .0159*
.513 .0513 .0184
.631 .0625 .0218
.781 .0751 .0261
.890 .0831 .0308
.971 .0906 .0315
1.11 .1024 .0381
.560 .0544 .0272*
.700 .0681 .0299
.860 .0830 .0369
1.02 .0981 .0402
1.10 .1044 .0435
.202 .0204 .0104
.413 .0409 .0203
.599 .0579 .0291
.800 .0798 .0387
.200 .0212 .0113
.400. .0422 .0210
.610 .0607 .0333
.721 .0706 .0368
1.00 .1008 .0495
1.12 .1108 •0563
1.19 .1182 .0599
1.26 .1155* .0636
p o in ts  no t usad in  c a lc u la t io n s
Reproduced  with permission of the copyright owner. Further reproduction prohibited without permission.
5 9
Cs - CP, DATA (con tinued) 4
P ( to r r ) ^ 2
,266 .0279 .0164
•353 .0375 .0223
.488 .0484 .0292
.603 .0584 .0366
.720 .0705 .0413
.840 .0826 .0468
.882 .0852 .0516
.980 .0918* .0561
1.15 .1139 .0650*
.095 .00897 .0125*
.210 .0225 .0172
.395 .0446 .0279
.630 .0701 .0405
.816 .0816 .0481
1.00 .1012 .0688
1.12 .1189 .0707
* Data p o in ts  not usad in  c a lc u la t io n s
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APPENDIX I I
Normal G round-S tate  V ib ra tio n a l F requencies o f the  Methane M olecules
Molecule "1
(cm”1)
"2
(cm '1)
"3
(cm*1)
w4
(cm"1)
C«4 3029.8 1390.2 (2) 3156.9 (3) 1357.6
ch3d 3067.0 1404.7 (2) 3156.6 (2)
2283.6
1352.0
1174.5
ch2°2 2234.2 1241.2
1393.1
2336.1
3099.7
3156.3
1277.2 
1023.9
1126.3
CHDj 2189.2 1259,7 (2) 2336.9 (2) 
3128.1
1034.2
1019.5
2143.2 963.4 (2) 2336.9  (3) 1026.4
The degeneracy* I f  any* i s  g iven  in  paren theses*  and was used a s  a w eight 
f a c to r  in  th e  c a lc u la t io n  o f  th e  w eitfited  mean freq u en c ies  w. These 
freq u en c ies  a re  as  fo llow s)
w(CH4) * 2150.4 cm”
w(CH3D) = 2019.4 cm”
w(CH2D2) * 1876.4 cm”
w(CHD3) * 1731.5 cm"
w(CD4) = 1577.8 cm
60
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